The effect of vacuum pressure and argon flow rate on hydrogen degassing of molten steel in a triple plug, 100 tonne vacuum arc degasser has been examined using a three phase Eulerian CFD-mass transfer coupled model. The model takes into account the interaction between the slag, steel and argon phases over a 20-minute degassing period. Increasing the argon flowrate from 13-29 Nm 3 hr − 1 produces a 10% increase in the hydrogen removal ratio, generating a faster melt velocity and larger slag eye. This also results in the maximum shear stress on the ladle walls increasing by a factor of 2.2 and the shear stress integrated across the wall increasing by a factor of 3.75, thus contributing to enhance refractory erosion. Within the same flowrate range the volume of entrained slag also increases by a factor of 1.4, which may result in increased nitrogen/oxygen pickup. Reducing the vacuum pressure maintains a low equilibrium hydrogen concentration and allows more efficient hydrogen removal, with a 38% reduction in the removal ratio between 10 2 − 10 4 Pa.
Introduction
Ladle metallurgy involves the treatment of molten steel produced from primary steelmaking furnaces in order to achieve the desired chemistry and lower the hydrogen, nitrogen, sulphur, and phosphorus content. A standard feature of these processes is the introduction of argon via a porous plug as a stirring agent to homogenise the melt and allow the transfer of dissolved gases out of the melt via diffusion into the bubbles. The presence of a buoyant slag phase above the melt serves to trap inclusions that rise with the bubbles and aids in desulphurisation. The rising bubble plume induces an upward flowing current in the melt that deforms the slag layer and forms an open eye, exposing the molten steel to the atmosphere. Central to ladle refining operations is vacuum degassing, a process through which the hydrogen and nitrogen content in steel is reduced via tank (vacuum arc degassing, VAD) or recirculating (RH degassing) methods operating under surface pressures close to 10 2 Pa. Mathematical modelling of the flow field in gas-stirred ladles have followed the finite volume computational fluid dynamics (CFD) approach based upon the volume of fluid (VOF) method, 1, 2) Euler-Lagrange 3, 4) and Eulerian 5, 6) methods. The VOF method is an interface tracking technique in which a single set of equations are solved across all phases. A sufficiently fine mesh is required to resolve each bubble making this method ideally suited for systems containing one or a small number of bubbles. The Eulerian model involves solving a separate transport equation for each phase with the assumption that the phases interpenetrate within each unit cell. This makes it less grid-sensitive and hence computationally more efficient than the VOF method, 7) particularly when handling large geometries containing a large number of bubbles, for which the latter approach would require significantly more grid cells. Lou and Zhu 5) performed a detailed analysis and validation of the two-phase Eulerian method for modelling gas-stirred ladles. Predictions of the liquid velocity and turbulent kinetic energy were in close agreement with experimental data from physical models. Further simulations also showed a marginal improvement in the accuracy of the Eulerian model in comparison to the Euler-Lagrange model.
The performance characteristics of a gas-stirred ladle are typically measured using the mixing time. Physical models are adopted in which tracer is injected into the melt and the time taken for the concentration to homogenise to 95% of the equilibrium composition is measured. Various papers have investigated the role of flowrate on mixing time [8] [9] [10] in gas-stirred ladles. The presence of the buoyant slag layer in these analyses have been factored in through the use of material analogues, which have been used to incorporate the presence of the layer and its associated thickness into the correlation of mixing time. Mazumdar 11) showed that buoyant energy is lost from the gas plume primarily to bubble slippage and wall friction, with 10% lost to the slag layer interactions, primarily via the large velocity gradient in the melt caused by the interaction between the rising flow field and the edge of the slag eye.
The relative motion between the periphery of the slag eye and the steel current colliding with it destabilises the slag layer, causing droplets to detach from it and submerge into the melt in the direction of the flow field. This is known as entrainment. While entrainment accelerates the desulphurisation of the melt, it can lead to re-oxidation and nitrogen pickup. Singh et al. 2) demonstrated that purging argon through a twin plug arrangement is favourable for sulphur removal in comparison to a single plug, as the former leads to more deformation of the slag layer which in turn increases the slag-steel contact area. The single plug produces a larger slag eye but lowers the total interfacial area with the steel. Thicker slags tended to enhance desulphurisation and reduce the slag eye size. The entrainment rate has been quantified in the literature in terms of the percent volume of slag entrained per unit time, 12) vertical velocity at interface 13) and the number of slag droplets entrained per second. 14) Qualitative studies of entrainment have also been done in Eulerian 15) and Euler-Lagrange 16) models. Furthermore, the slag layer affects the rate of hydrogen degassing via the size of the open eye formed from deformation by the gas-liquid plume which, together with the argon bubbles, serves as an interface for mass transfer.
Various new phenomena come into play with adoption of vacuum pressures to ladle refining operations. Guo and Irons 17) highlighted the relative importance of vacuum pressure over argon flowrate on the decarburisation rate of molten steel using a physical model of carbon dioxide desorption from sodium hydroxide solution. The influence of vacuum pressure on hydrogen degassing is apparent from Sievert's Law, whereby the solubility of hydrogen in molten steel is proportional to the square root of the partial pressure of hydrogen in the gas phase. This law can be incorporated into a mass transfer model and combined with CFD analysis to predict the rate of hydrogen transfer from the melt into the gas phase. 6) A three-phase Eulerian-mass transfer coupled model has been developed by the authors and validated against physical models in the literature and industrial hydrogen measurements from a VAD unit at Sheffield Forgemasters International steelworks. 18) The purpose of this paper is to perform a parametric study on the effect of vacuum pressure and argon flowrate on the hydrogen removal performance of a VAD unit. The Eulerian method 18) is used to solve transport equations for the argon, steel and slag phases. Limitations on these process parameters resulting from the deformation of the slag layer, slag entrainment and wall shear are investigated and discussed.
Numerical Model and Assumptions
The three-phase Eulerian method is adopted to predict the flow fields of the slag, steel and argon phases. The details of the model are outlined in the recent study by the authors 18) and summarised in Table 1. 
Flow Equations
The Eulerian method 19) solves a separate set of transport equations for each phase. Separate phases are allowed to interpenetrate, and interfacial forces are modelled using additional source terms to the momentum equation ... (2) where α q = volume fraction of phase q, ρ = density, u = velocity, p = pressure, μ eff = effective viscosity and t = time. The interfacial force term F IF is expressed as
where F drag , F lift , F VM and F TD are the drag, lift, virtual mass and turbulence dispersion forces respectively.
Population Balance Model
The discrete population balance model 19) is applied to predict the bubble size distribution (BSD). If the range of bubble sizes are discretised into a set of sizes, the volume fraction of size i is The population balance equation (PBE) describes the evolution of the bubble number density function across space and time Table 1 . Formulation of flow, mass transfer and bubble size model equations.
Multiphase Flow Equations
Eulerian method 19) for three phases (slag/steel/argon).
Interfacial Force Terms
Drag, 20) lift, 21) turbulence dispersion 22) and virtual mass. 23) Turbulence Model
Standard k-epsilon 24) with Troshko and Hasan bubble induced turbulence source terms. 25) Mass Transfer Coefficient Lamont.
26)
Bubble Size Distribution Discrete population balance model 19) with Luo aggregation and breakup kernels. 27) CFD Software Package ANSYS Fluent 16.1. The number of child bubbles produced by the parent bubble, probability density function and breakage frequency are λ, β(V|V′) and τ(V′), respectively.
According to the Luo breakage kernel, 27 ) Ω BR (m
), if the eddies reach a bubble of size V′ at a frequency of τ(V′) with a probability distribution function β(V|V′), then
The general form of the breakup kernel is obtained by integration over the dimensionless eddy size, ξ : ( ,V) . 
... (10) where l = eddy size, L = bubble diameter and ξ = 1/L. The aggregation kernel, 27) 
Bubble Aggregation
) is the product of the binary collision frequency for bubbles of volume V i and V j , ω c (V i ,V j ) and collision probability λ c , The collision probability is The interaction coefficients e H Z corresponding to each alloying element (Z) are determined from the elemental composition of a melt manufactured at Sheffield Forgemasters International Limited (SFIL) steelworks listed in Table 2 .
The partial pressure of hydrogen in the gas phase is expressed as (22) where p bubble is the bubble pressure and M is the molecular mass of hydrogen or argon. The mass fraction of hydrogen in the steel and argon phases are solved using a convection-diffusion species transport equation where C H = mass fraction of hydrogen, γ H = hydrogen diffusivity, Sc T = turbulent Schmidt number and μ T is the turbulent viscosity. S H,q is the hydrogen transfer rate across the gas/liquid interface. This is driven by the concentration gradient between hydrogen in the melt (C H,l ) and the equilibrium concentration (C H,eq ), via (24) where κ is the mass transfer coefficient. The interfacial area concentration, A is defined as A = 6α g /d SM , where α g is the gas volume fraction and d SM is the sauter mean diameter obtained from Eq. (18) . The hydrogen pickup in the gas phase is expressed as S H,g = − S H,l .
Results and Discussion
The ladle geometry, material properties and process conditions are listed in Table 3 . The ladle adopted for all simulations consists of three argon plugs, each of which is located at a mid-radial position with an inter-plug angle of 45
o . This design was found to produce optimal hydrogen removal rates in a previous study by the authors 28) in comparison to single and double plug designs. Based upon this standard ladle design, the purpose of the current study is to investigate the influence of VAD process conditions (argon flowrate and vacuum pressure) on hydrogen removal. The all-hexahedral computational mesh is shown in Fig. 1 , together with the argon plug layout and the cross sectional plane used for analysing the resulting data.
Flowrate
The hydrogen removal ratio (RR) as a function of argon flowrates between 13-29 Nm 3 hr − 1 is shown in Fig. 2 , where RR = (H t = 0 − H t = 20 )/H t = 0 , H = mass fraction of hydrogen in the melt and t = degassing time (in minutes). The flowrate values refer to the combined flowrate summed across all three plugs, with an equal flowrate passing through each plug. The range of flowrates was selected based on the typical range expected in industry across light and heavy stirring operations.
29)
The changes in hydrogen content over a degassing period of 20 minutes for argon flowrates between 13-29 Nm 3 hr − 1
are shown in Fig. 3 . The removal ratio increases from 0.77 to 0.85 between these flowrates. The velocity field, slag layer and interfacial hydrogen transfer rate contours after the first minute of degassing along the vertical plane are shown in Fig. 4 . The factors contributing to this improvement in hydrogen removal are explained as follows.
As the flowrate increases, the total gas fraction in the bath increases, providing greater bubble-liquid surface area for hydrogen transfer. Furthermore, the flow field of the melt is enhanced. This has the dual effect of increasing the mixing of hydrogen within the melt and increasing the mass transfer coefficient for interfacial transfer. An added consequence of higher flowrates is the greater interaction between the melt and the slag layer. As the argon bubbles rise, the vertically flowing steel pushes slag in the radial direction, exposing a region of the melt (the slag eye) to the vacuum. The slag eye increases in size with flowrate which increases the proportion of the free surface exposed to the vacuum chamber. Together, these factors result in an increase in the concentration gradient for hydrogen removal, interfacial area and mass transfer coefficient, which is reflected in the greater interfacial transfer rate, as shown in the mass transfer contour diagram.
To analyse the deformation of the slag layer during argonstirring, the fraction of the total slag volume that is entrained beneath the lower edge of the slag layer is calculated, as shown in Fig. 5 . This is plotted alongside the average vertical velocities of the slag phase within a 0.2 m-thick cross sectional slice at the slag-steel interface. The volume of entrained slag is found to increase by a factor of 1.4 across the flowrate range (13-29 Nm 3 hr − 1
), while there is a threefold increase in the vertical slag velocity at the interface. The downward flow of the slag results in increasing depth of entrainment into the melt. Strong circulation currents produced by argon bubbling also causes preferential localised wear of the ladle refractory lining. 30) Damage can occur due to shear stresses dislodging grains from the refractory or chemical attack via turbulence-enhanced mass transfer from the slag layer to the refractory surface. In order to investigate this phenomena, the wall shear stress contours have been computed as a function of argon flowrate, shown in Fig. 6 . Where the bubble plumes produced from these plugs meet the slag layer, the slag-steel interaction produces the region of highest wall shear in the ladle, in the upper third of the ladle, as shown by the shear stress distribution. The plumes expand radially as they rise, interacting with the wall to an increasing extent with vertical position. The shear stress on the wall reaches a peak value at the bath surface in the region of the slag layer. Within this region there is a higher stress concentration in the path of the two outermost plumes compared to that of the central plume in the triple plug arrangement. As the flowrate is increased there is a build-up of shear stress, particularly in the region at the top of the bath by the slag layer as shown in the contour plot. Most of the shear on the base is located near the two outermost plugs, at where the flow field is most intense. In addition to the side walls, the shear stress concentration within the horizontal basal plane of the ladle also increases with argon flowrate. The maximum shear stress value across the entire wall and basal plane of the ladle is plotted as a function of argon flowrate in Fig. 7 . The shear stress increases by a factor of 2.2 across the flowrate range of 13-29 Nm . The integrated shear stress over the entire wall is shown in the same figure and increases by a factor of 3.75 from 4 to 15 N between 13-29 Nm 3 hr − 1 of argon purging. In summary, while increasing the argon flowrate is preferable for hydrogen removal, it also leads to an accompanying increase in refractory shear stress and entrainment of slag into the melt.
Pressure
The hydrogen removal ratio was calculated for a series of vacuum pressures between 10 2 − 10 4 Pa at a constant argon flowrate of 13 Nm 3 hr − 1
. The results are shown in Fig. 8 along with the hydrogen variation in the melt as a function of time for these pressures (Fig. 9) . As the vacuum pressure is raised between 10 2 − 10 4 Pa there is a reduction in RR from 0.77 to 0.48. The reduction in pressure is accompanied by a reduction in the hydrogen concentration in the melt in equilibrium with that in the gas phase according to Sievert's Law (Eq. (20)). This concentration dictates the lower bound to which hydrogen content in steel can be degassed. A lower pressure increases the concentration gradient (Eq. (24)) and hence the rate of hydrogen removal at a given flowrate. The vertical variation in the equilibrium concentration along the centreline of the bubble plume after the first minute of degassing is shown in Fig. 10 . This is plotted alongside the hydrogen concentration in the bubbles as shown in Fig. 11 . The rate of interfacial mass transfer along the vertical plane is shown in Fig. 12 for the two different vacuum pressures. Three distinct stages can be identified on the equilibrium curve (Fig. 10) . Hydrogen removal from the melt begins as soon as the bubbles exit the porous plug (which are initially composed of pure argon). In the first stage, (at a vertical distance from the base of 0-0.5 m), there is a sudden rise in equilibrium concentration from 0 to 5 ppm. As hydrogen is picked up by the bubbles, there is a rise in the molar fraction of hydrogen and hence its partial pressure. As shown in the Fig. 12 the mass transfer rate is maximised both in this region (at the base) and the region near the free Fig. 9 . Effect of vacuum pressure on decay profile over 20 minutes of degassing.
surface. During the second stage (between 0.5 m-2.5 m) the equilibrium concentration begins to plateau at 5 ppm and then reduces. The reason for this plateau is the increase in partial pressure of hydrogen due to higher molar concentration in the bubbles. The hydrogen pickup from the argon bubbles remains largely unchanged for vacuum pressures of 10 2 and 10 4 Pa in the first two stages. The influence of vacuum pressure becomes noticeable during the third stage, in the final 0.5 m of rising distance (2.5-2.9 m). The equilibrium concentration for the 10 4 Pa pressure case descends at a slower rate than the 10 2 Pa case, reaching 2.7 ppm (for 10 4 Pa) and 0.4 ppm (for 10 2 Pa). The H content within the bubbles increases at its fastest rate during this phase. Figure  12 illustrates this effect, where the 10 2 Pa case has a larger mass transfer rate in the top half of the bath compared to 10 4 Pa case. The hydrogen content in the bubbles reach a final value of 8.5% for 5.5% at the free surface for vacuum pressures of 10 2 Pa and 10 4 Pa respectively (Fig. 11 ). This variation in hydrogen pickup is reflected in the variation of the RR between the two pressures (Fig. 8) . As the bubbles approach the surface, there is a rapid decrease in the bubble pressure with an accompanying increase in the mass fraction of hydrogen within each bubble. The bubble pressure in the melt decreases (due to hydrostatic pressure changes) at a faster rate than the simultaneous increase in hydrogen content of the bubbles. The net effect is that there is an overall reduction in partial pressure of hydrogen and equilibrium concentration, resulting in an increase in hydrogen transfer rate.
Conclusion
Hydrogen degassing in the VAD was simulated by coupling a mass transfer model to a three phase, slagsteel-argon CFD model based on the Eulerian method. The effect of argon flowrate and vacuum pressure on hydrogen removal rates, slag entrainment and wall shear were analysed for a triple plug ladle of inter-plug angle, θ = 45°. The conclusions can be summarised as follows:
• Argon flowrate influences the velocity field in the melt, with higher flowrates increasing the rate of convective hydrogen transfer from regions of bulk liquid to the liquidgas interface, increasing the rate of hydrogen removal. The slag eye is simultaneously expanded providing a greater surface area for hydrogen to transfer out of the steel. There is a 10% increase in RR between 13-29 Nm 3 hr − 1 .
• Increasing the argon injection rate within this range also results in the following side effects: ⸰ A region of high wall shear stress concentration occurs in the region beneath the slag eye where the flow field in the melt and slag layer induced by the bubble plume interacts with the wall. This maximum shear stress across the wall and the total wall area-integrated stress increase by a factor of 2.2 and 3.75 across the above flowrate range, respectively, increasing the risk of refractory erosion.
⸰ The volume of slag entrained into the steel melt and the vertical slag velocity at the slag-steel interface increase by a factor of 1.4 and 3, respectively. Despite aiding in the desulphurisation of steel, entrainment detrimentally affects cleanliness via nitrogen and oxygen pickup.
• Reduction of vacuum pressure has the dual effect of increasing the rate of hydrogen removal and permitting lower hydrogen contents to be reached according to Sievert's Law. The hydrogen removal ratio (RR) experiences a 38% reduction as the pressure is raised from 10 2 − 10 4 Pa. The hydrogen removal rate is governed by the concentration of hydrogen dissolved within the steel in equilibrium with that of the gas phase, which is in turn influenced by the vacuum pressure. Hydrogen transfer is concentrated in the region close to the plug exit where the gas velocity and volume fraction of gas are greatest, in addition to the near-surface region where the partial pressure of hydrogen in the bubbles is lowest.
